Introduction
Many types of velocimeters have been proposed to measure the velocity of molten metal flow. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] Their merits and demerits are reviewed by some researchers in detail. [8] [9] [10] 13) Among them the reaction probe 1, 7, 10) and Karman vortex probe 2, [4] [5] [6] are currently used for the meniscus velocity of molten steel flow in the real continuous casting mold. A circular cylinder made of, for example, sialon is usually used as the velocity detection part of these probes. Such a cylinder must be immersed in the molten metal flow and, as a result, the flow around the cylinder is more or less disturbed. In addition, if the cylinder is damaged and it is carried deep into the mold by accident, a significant loss of the steel product is caused.
The development of non-contact velocimeters therefore has been expected for a long time.
3) Recently, Hiraga et al. 11, 12) have developed an attractive electromagnetic velocimeter for the measurement of the meniscus velocity of molten steel flow in the real continuous casting mold. The measurement principle is based on Faraday's law. This velocimeter would be successfully used provided that the meniscus is calm enough and the meniscus level fluctuations are negligibly small. Once wave motions and level fluctuations caused by uneven discharging flow or mold oscillations take place, the accuracy of the velocity measurement would be significantly decreased because the vertical movement of the meniscus is also regarded as a change in the meniscus velocity in this system. Considering these circumstances, the authors proposed a different type of electromagnetic velocimeter previously. 14) This velocimeter is expected to be successfully used even if meniscus level fluctuations are present. The accuracy of the velocity measurement was confirmed based on cold model experiments using molten Wood's metal as the working fluid. However, systematic investigations were not carried out on its applicability to the real continuous casting mold. In this study investigations were made of the effects of the frequency of the electric source, the excitation frequency, and the existence of a model liquid for molten slag on the accuracy of velocity measurements. Figure 1 shows the principle of meniscus velocity measurements. A Lorentz force is applied to the surface of the molten metal to push it downward. The Lorentz force is periodically removed due to on/off of the electric source. The on/off frequency is called the excitation frequency. As a result, wave motions of the same frequency as the excitation frequency are induced on the surface of the molten metal. 2) where V w is the wave propagation speed in the absence of molten metal flow and V mf is the meniscus velocity of molten metal flow. An electromagnetic non-contact sensor was developed to measure the meniscus velocity of molten metal flow. Wave motions were generated on the surface of a molten metal bath by applying a Lorentz force periodically. The meniscus velocity was obtained by detecting a difference between the propagation times of the waves to the upstream and downstream level sensors. This is because the propagation time difference depends on the meniscus velocity of molten metal flow. The effects of the frequency of the electric source, excitation frequency, and the existence of mold powder on the accuracy of the meniscus flow measurements were investigated based on cold model experiments using molten Wood's metal and silicone oil. The accuracy was satisfactory under the experimental conditions considered.
Measurement Principle
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There appears a difference between the propagation time detected by the upstream level sensor and that detected by the downstream level sensor. The time difference, Dt, is given by
where L is the distance between the Lorentz force generator (horseshoe-shaped coil) to each level sensor.
From Eq. (3) V mf is expressed by
When the time difference, Dt, is obtained by processing the output signals of the two level sensors and the wave propagation velocity, V w , is known, the meniscus velocity of molten metal flow, V mf , is determined from Eq. (4). The cross-correlation method was used to evaluate Dt in this study. It should however be noted that the present measurement method is valid only when V w is greater than V mf . The upstream level sensor cannot detect the propagation of waves for V mf ϾV w . The other details of the measurement method should be referred to the previous paper. 14) 3. Experimental Apparatus and Procedure Figure 2 shows a schematic of the experimental apparatus. Molten Wood's metal and silicone oil were used as models for molten steel and mold powder, respectively. The depth, H L , of the molten Wood's metal bath was 100 mm. The temperature of the bath was kept at 91°C (364 K). The density, r m , kinematic viscosity, n m , and surface tension, The Lorentz force was generated with a horseshoeshaped coil (see Fig. 3 ). The number of windings of the coil was seven, and the frequency of the electric source, f es , was changed from 50 kHz to 100 kHz to guarantee preferable penetration depth. The electric current of the electric source was kept at 10 A by referring to the previous paper.
14 ) The frequency of the on/off signal, i.e., excitation frequency, f ex , was changed from 1 Hz to 12 Hz. As the excitation wave, a sinusoidal wave and a rectangular wave were chosen. The fluctuations of the meniscus levels upstream and downstream of the Lorentz force generator were measured with two level sensors. These sensors work at a frequency of 10 kHz. The dimensions of the generator and the level sensors are also described in the previous paper.
14)
The generator and the level sensors were mounted together on the velocity detection unit. The unit was rotated at a pre- where R is the length of the rotation arm. The output signal of each level sensor involves the meniscus level signal and that originating from wave motions caused by the Lorentz force. The discrimination method of these signals is schematically shown in Fig. 4 . To ensure effective discrimination, the frequency of the imposed wave motions by means of the Lorentz force should be different as much as possible from signals originating from other sources. In practical applications, the frequency of the meniscus level fluctuations due to unbalance of molten steel flow rates at the two ports of the immersion nozzle is at most 1 Hz. Accordingly, the excitation frequency should be greater than 1 Hz. The signal originating from the imposed wave motions can be detected with a band-pass filter (BPF). On the other hand, the level fluctuations can be detected by a low-pass filter (LPF). show some examples of the output signals of the upstream (CH0) and downstream (CH1) level sensors for the rectangular excitation. The unit of the signals was expressed in volt. It is evident that the bath oscillation is regular when the excitation frequency is 4 Hz. Under the experimental conditions considered, the rectangular excitation was found to be superior to the sinusoidal excitation. When the sinusoidal excitation was applied, the amplitude of the wave motion is large enough even at f ex ϭ1 Hz. The wave forms however are highly modulated, as shown in Fig. 8 . Such modulation is probably caused by the interaction of imposed waves and the vessel walls.
Experimental Results and Discussion

Effects of Electric Source Frequency and Excita
The amplitude of the bath oscillation detected by the upstream level sensor is shown against the frequency of the electric source, f es , in Figs. 9 and 10. In Fig. 9 the data for f ex ϭ1 Hz and 2 Hz are almost overlapped with the data for f ex ϭ12 Hz. The amplitude is greatest for f ex ϭ4 Hz for the two types of excitation wave forms. Accordingly, the excitation frequency, f ex , was chosen to be 4 Hz for the rectan- gular excitation and the frequency of the electric source, f es , was set to be 80 kHz in the following measurements.
Effect of the Existence of Model Liquid for Mold
Powder on the Accuracy of Velocity Measurement The velocity detection unit was fixed to the rotation arm (Fig. 2) and then rotated clockwise and counter-clockwise at a prescribed rotation velocity. ity of silicone oil and the thickness of the silicone oil layer hardly affected the accuracy of the velocity measurement under the present experimental conditions. The measured values agreed with the rotation velocity within a scatter of Ϯ20 % even if the silicone oil layer is present on the molten metal bath. These results suggest the possibility that the presently developed velocimeter can be used in the real continuous casting mold. The thickness of the mold powder layer however is greater than the values considered here. In addition, the power of the Lorentz force generator must be highly increased and the shield of heat transferred from the meniscus is necessary in practical applications. Further model experiments should be carried out to solve these problems.
Conclusions
Measurements of the meniscus velocity of molten Wood's metal flow were carried out with a newly developed electromagnetic velocimeter. Its measurement principle relies on the fact that the propagation velocity of waves depends on the meniscus velocity. The wave motions were generated by means of a Lorentz force. A difference between the propagation times of the waves was detected with two level sensors placed upstream and downstream of the wave generator. The meniscus velocity was obtained by using the propagation time difference, the distance from the generator to the level sensor, and the wave propagation speed in the absence of the meniscus velocity. This velocimeter was capable of measuring the meniscus velocity with sufficient accuracy even if a model liquid for the mold powder was present on the molten Wood's metal bath. 
